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Edited by Michael R. SussmanAbstract Self-compatible S-54 homozygotic plants were found
in progenies of an F1 hybrid cultivar in Chinese cabbage. Polli-
nation tests revealed that this self-compatibility is controlled
by the S locus and caused by the loss of the recognition function
of the stigma. SRK, the gene for the recognition molecule in the
stigma, was normally transcribed and translated in the self-
compatible plants. The 1034-bp region in the receptor domain
of SRK in the self-compatible plants was 100% identical to
SLG in S-54, while that in self-incompatible S-54 homozygotic
plants was 95.1% identical. These results suggest that the self-
compatibility of the S-54 homozygotes is due to amino-acid
changes caused by gene conversion from SLG to SRK.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Brassica rapa1. Introduction
The most complex mechanism facilitating outbreeding in
plants is self-incompatibility, in which pollen-tube growth of
self-pollen is inhibited after a self-recognition reaction between
the pollen and the pistil. In Brassica, whose self-incompatibil-
ity mechanism has been most intensively studied, the recogni-
tion speciﬁcities of the pollen and the stigma are determined by
S-locus protein 11/S-locus cysteine-rich (SP11/SCR) [1,2] and
S-locus receptor kinase (SRK) [3], respectively. Genes of
SP11/SCR (SP11 hereafter) and SRK are closely linked to each
other at the S locus and have multiple alleles. SRK is mem-
brane-spanning receptor protein kinase in stigma papilla cells
having an extracellular receptor domain (S domain), a trans-
membrane domain, and an intracellular kinase domain. The
S domain of SRK is highly similar to S-locus glycoprotein
(SLG), the ﬁrst S-locus gene to be identiﬁed [4]. SLG is a sol-
uble glycoprotein secreted to the stigma surface. A set of alleles
of SP11, SRK, and SLG, termed S haplotype, is transmitted to
progenies [5]. Fifty S hapolotypes and 30 S haplotypes have
been identiﬁed in Brassica oleracea and Brassica rapa, respec-
tively [6,7]. S haplotypes are classiﬁed into two groups, i.e.,Abbreviations: SP11, S-locus protein 11; SRK, S-receptor kinase; SLG,
S-locus glycoprotein; HV, hypervariable region
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doi:10.1016/j.febslet.2005.12.028class I and class II, based on the nucleotide sequence similarity
of SLG and SRK [8]. SP11 alleles of class-I S haplotypes are
generally dominant over those of class-II S haplotypes.
Plants having mutations in the S-locus genes are important
materials for studying the function of these genes. Since the
production of mutants in self-incompatible Brassicaceae spe-
cies by induced mutation is not easy, spontaneous mutants
have been used in the molecular genetic study of self-incompat-
ibility. In a self-compatible B. oleracea line having S-f1, SRK
has a large deletion and is not expressed [9]. No expression
of SRK has been observed in the self-compatible cultivar ‘Yel-
low Sarson’ in B. rapa [9,10]. These observations suggest that
SRK is essential to the function of self-incompatibility. Natu-
ral variations of the S-locus genes between B. oleracea and B.
rapa have been used for the study of the regions important for
the recognition speciﬁcity of SP11 [11].
The function of SLG in self-incompatibility is still con-
troversial. SLG has been reported to be important for the
stabilization of SRK protein and for the expression of self-
incompatibility in the stigma [12]. However, S-18 and S-60
in B. oleracea have a frame-shift mutation and a nonsense
mutation, respectively, in SLG [13], and S-24 in B. oleracea
and S-32, S-33 and S-36 in B. rapa lack the SLG gene [14].
Another self-incompatible species, Arabidopsis lyrata, in Brass-
icaceae also lacks the SLG gene [15]. The above-cited studies
suggest the dispensability of SLG in self-incompatibility. It
has been reported that introduction of the SLG gene together
with the SRK gene into Brassica plants strengthened self-
incompatibility of the stigma [16], but such function has not
been observed in a similar plant transformation study [17].
The SLG gene has been suggested to have arisen by duplica-
tion of the SRK gene [18] and has been speculated to be a
reservoir of sequence variation to generate a new S haplotype
speciﬁcity [19,20].
In our study on the strength of self-incompatibility of vari-
ous S haplotypes, self-compatible plants in selfed progenies
of an F1 hybrid cultivar were found in B. rapa. We investigated
the mutation causing the self-compatibility of these plants and
revealed gene conversion from SLG to SRK to be responsible
for the loss of the recognition function of SRK.2. Materials and methods
2.1. Plant materials
F1 hybrid cultivars of Chinese cabbage, Brassica rapa, ‘CR-Seiga 65’
(S-46/S-54), ‘Kien 75’ (S-54/S-60), and ‘CR-Ryutoku’ (S-54/S-99), and
selfed progenies derived from three plants of ‘CR-Seiga 65’ were used
as materials. Turnip F1 hybrid, ‘Wase-Ohkabu’ (S-46/S-54), and Sblished by Elsevier B.V. All rights reserved.
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self-compatible line in B. oleracea var. alboglabra, which was identiﬁed
as an S-f1 homozygote in our preliminary investigation, was used as a
negative control in Western-blot analysis of SRK. S haplotypes of the
selfed progenies of the F1 hybrids were identiﬁed by PCR-RFLP anal-
ysis of SLG using the primer pairs PS5/PS15 and PS3/PS21 [21]. Geno-
mic DNAs of these plants were isolated from seeds or leaves using a
modiﬁed NaI method according to [22].2.2. Pollination tests
Pollination tests were performed using more than three ﬂowers for
each cross combination and repeated more than three times. After
anthesis, the stigmas were covered with a layer of pollen grains,
and the pollinated ﬂowers were kept at 20 C for one day. Pollen
tubes in the stigma were observed under a UV ﬂuorescence micro-
scope after staining with aniline blue (0.1% aniline blue in 0.1 M
K3PO4). The level of self- and cross-incompatibility was scored as fol-
lows: - -, no pollen tube penetrating a papilla cell; -, less than 5 pollen
tubes penetrating papilla cells; +-, more than 6 and less than 20 pol-
len tubes penetrating papilla cells; and +, more than 21 pollen tubes
penetrating papilla cells. The most frequent score in each cross com-
bination was represented.2.3. Sequence analysis
Total RNAs were isolated from the anthers and the stigmas by SV
Total RNA Isolation System (Promega, WI, USA). The ﬁrst strand
cDNA was synthesized with First-strand cDNA Synthesis Kit (Amer-
sham, NJ, USA). SRK and SLG were ampliﬁed by PCR from the
stigma cDNA using a primer pair of 54-SRKF (5 0-ATGAAAG-
GTGTACAAAACTCTTAC-3 0) and 54-SRKR (5 0- CACTTATAA-
TATACAGTCACTCC-3 0) and a pair of PS5 and PS15 [21],
respectively. The anther cDNA was used as the template of PCR
for the ampliﬁcation of SP11 with a primer pair of pSP11-1 (5 0-
ATGAAATCTGCTATTTATGCTTTATTATG-3 0) and 54SP11R
(5 0-TTAGCATGGCCAAGGACCGGTTGTG-3 0). The nucleotide
sequences of the PCR products were determined with CEQ 2000XL
DNA Analyzer (Beckman Coulter, CA, USA), and the data were
analyzed using Sequencher (Hitachi Software Engineering, Japan)
and Genetyx version 10 program (Software Development, Japan).
2.4. Gene expression analysis
Gene expression of SRK was analyzed by RT-PCR of 30, 35, and 40
cycles using the stigma RNA as a template. The actin gene was used as
a control. The primers used in this test were diﬀerent from those used
in the sequence analysis, i.e., 54-SRKkinase1 (5 0-CTTAAATTG-
GAAGGACAGATTCGCC-3 0) and 54-SRKkinase2 (5 0-GGCAT-
CRATGACTGAGCAGGTGTAC-3 0).
Real-time PCR was performed to quantify the amounts of SRK
mRNA. The cDNA was ampliﬁed using SYBR Premix Ex Taq (Ta-
kara Biomedicals, Japan) on the LightCycler (Roche, Germany).
The PCR condition was 95 C for 10 s followed by 40 cycles of
95 C for 5 s, 55 C for 10 s, and 72 C for 10 s. Data were analyzed
with LightCycler Software version 3.5 (Roche). The primers were
54-SRKrealF (5 0-CATTGGGCGGAGGGAAGAGCGCTAG-3 0)
and 54-SRKrealR (5 0-TTGGTCTGTGCTCCGCAGGTTCTTG-3 0).
The actin gene was used as an internal control. The primers for
the control gene were actin-realF (5 0-TCCTCAGTGGTGGTTC-
GACCAT-3 0) and actin-realR (5 0-GCGACCACCTTGATCTTC-
ATGCT-3 0).
2.5. Western blotting
Stigmas were homogenized with buﬀer (30 mM Tris–HCl, pH 8.0,
150 mM NaCl, 10 mM EDTA, 10% glycerol) containing phenylmeth-
ylsulfonyl ﬂuoride (1 mM), leupeptin (10 lg/ml), and pepstatin A
(1 lg/ml). The homogenates were centrifuged at 4000 · g for 10 min.
The supernatants were centrifuged at 100000 · g for 1 h. The pellet
was solubilized in SDS sample buﬀer (0.125 M Tris–HCl pH 6.8, 4%
SDS, 20% glycerol, 10% 2-mercaptoethanol). Proteins were resolved
by electrophoresis on 8% SDS–polyacrylamide gels and electroblotted
onto PVDF membranes, Immobilon (Millipore, USA). An antibody
against SLG in B. oleracea S-3 was used for detecting SRK. The signal
was visualized using ECL Advance Western Blotting Detection Kit
(Amersham).3. Results
3.1. A self-compatible line of an S-54 homozygote
S haplotypes of 90 plants in the selfed progenies of ‘CR-Sei-
ga65’ were analyzed by the PCR-RFLP analysis of SLG.
Eighteen plants were S-46 homozygotes, 21 were S-54 homo-
zygotes, and 51 were heterozygotes of S-46/S-54. Observation
of pollen tube behavior after self- and cross-pollination re-
vealed that ﬁve plants among the S-54 homozygotes were
self-compatible, while 11 other S-54 homozygotes and all the
S-46 homozygotes tested were self-incompatible. Pollen grains
of the self-compatible plants were incompatible with the stig-
mas of the self-incompatible S-54 homozygotes, while recipro-
cal crosses were compatible (Table 1), indicating that the
self-compatibility of these plants is caused by the inability of
the stigmas to reject S-54 pollen grains.
The self-incompatibility of selfed progenies of other F1 hy-
brid cultivars having S-54, i.e., 15 S-54 homozygotes obtained
from ‘Kien 75’ and nine S-54 homozygotes from ‘CR-Ryu-
toku’, was investigated. All these S-54 homozygotes showed
self-incompatibility.
3.2. Linkage of self-compatibility to the S locus
The self-compatible S-54 homozygote was crossed with the
self-incompatible S-46 homozygote. The resulting F1 hybrid
plants were self-incompatible. All the 17 S-54 homozygotes
of the F2 plants obtained from a single F1 plant by bud
pollination showed self-compatibility, while 18 S-46 homo-
zygotes were self-incompatible, indicating that the gene
responsible for this self-compatibility is linked to the S locus.
The S-54 haplotype linked to the self-compatibility was
named S-54f.
The S-54f homozygote was crossed with three class-II S
homozygotes, i.e, S-40, S-44, and S-60, and the F1 hybrid
plants were used for pollination tests. Heterozygotes of S-
54f/S-40, S-54f/S-44, and S-54f/S-60 exhibited self-compatibil-
ity. The stigmas of S-54f/S-40, S-54f/S-44, and S-54f/S-60 were
incompatible with the pollen grains of S-40, S-44, and S-60
homozygotes, respectively (Table 2). The pollen grains of these
S heterozygotes were incompatible with the stigmas of the self-
incompatible S-54 homozygotes but compatible with the stig-
mas of the S-40, S-44, and S-60 homozygotes. These results
indicate that the SP11 allele of S-54f is dominant over the
SP11 alleles of S-40, S-44, and S-60 and that SRK of S-54f
is nonfunctional. Diﬀerences of the recognition speciﬁcities be-
tween the pollen and the stigma in these heterozygotes are con-
sidered to be responsible for the self-compatibility of the
heterozygotes of S-54f with S-40, S-44, and S-60.
3.3. Expression of genes participating in the self-incompatibility
phenotype of the stigma
The expression of SRK was analyzed by RT-PCR. The
amounts of DNA ampliﬁed from stigma RNAs of the self-
compatible S-54f homozygotes with 35 cycles were comparable
to those of the self-incompatible S-54 homozygotes (Fig. 1A).
RT-PCR with 30 cycles and 40 cycles also yielded similar
amounts of ampliﬁed DNAs between the S-54f homozygote
and the S-54 homozygote. Transcripts of SRK in the stigma
were quantiﬁed by real-time PCR. The amount of SRK tran-
scripts in the S-54f homozygote appeared to be smaller than
that in the S-54 homozygote, but was not signiﬁcantly diﬀerent
from that in S-54 (Fig. 1B).
Fig. 2. Western-blot analysis of SRK and SLG in S-54, S-54f, S-f1.
Stigma proteins were separated by SDS–PAGE and detected by
immunoblotting with the anti-SLG-3 antibody. Arrows indicate SRK
and SLG.
Table 1
Pollination tests between selfed progenies of ‘CR-Seiga65’
$/# 08a 15a 18a 32a 69a 39 45 62 04 13 23 26 16 58 68
08 (S-54/S-54)a + + + + + + + + + + + + + + +
15 (S-54/S-54)a + + + + + + + + + + + + + + +
18 (S-54/S-54)a + + + + + + + + + + + + + + +
32 (S-54/S-54)a + + + + + + + + + + + + + + +
69 (S-54/S-54)a + + + + + + + + + + + + + + +
39 (S-54/S-54) - - - - - - - - - - - - - - - - + + + + + + +
45 (S-54/S-54) - - - - - - - - - - - - - - - - + + + + + + +
62 (S-54/S-54) - - - - - - - - - - - - - - - - + + + + + + +
04 (S-46/S-46) + + + + + + + + -- - - - - - - - - - - - -
13 (S-46/S-46) + + + + + + + + -- - - - - - - - - - - - -
23 (S-46/S-46) + + + + + + + + -- - - - - - - - - - - - -
26 (S-46/S-46) + + + + + + + + -- - - - - - - - - - - - -
16 (S-46/S-54) + + + + + + + + -- - - - - - - - - - - - -
58 (S-46/S-54) + + + + + + + + -- - - - - - - - - - - - -
68 (S-46/S-54) + + + + + + + + -- - - - - - - - - - - - -
aIndicates the self-compatible plant.
Fig. 1. Expression analysis of SRK. (A) Electrophoretic analysis of
RT-PCR products of SRK and actin. Plants 08, 15, 18, and 32 were
self-compatible and plants 39, 45, and 62 were self-incompatible. PCR
products after 35 cycles are shown. The actin gene was used as a
control. (B) RNA levels of SRK in S-54 (n = 3) and S-54f (n = 4)
homozygotes analyzed by RT-PCR. Values (means ± S.E.) normalized
with reference to the amount of the actin RNA are shown as relative
values with the control S-54 homozygote, 39, being given a value of
1.0.
Table 2
Pollination tests of homozygotes and heterozygotes of S-54, S-54f, and class-II S haplotypes
$/# S-54/S-54 S-54/S-60 S-54f/S-54f S-40/S-54f S-44/S-54f S-54f/S-60 S-40/S-40 S-44/S-44 S-60/S-60
S-54/S-54 - - - - - - - - - - - - + + +
S-54/S-60 - - - - - - - - - - - - + + - -
S-54f/S-54f + + + + + + + + +
S-40/S-54f + + + + + + -- + +
S-44/S-54f + + + + + + + -- +
S-60/S-54f + + + + + + + + --
S-40/S-40 + + + + + + -- + +
S-44/S-44 + + + + + + + -- +
S-60/S-60 + + + + + + + + --
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stigmas of the S-54f homozygote. Since antibodies against SLG
can detect SRK protein, an anti-SLG antibody was used in this
analysis. The band of 116 kDa detected in the S-54 homozygote
was regarded as SRK protein because the B. oleracea self-
compatible line having S-f1, which has a large deletion in theSRK gene, lacked this band. The S-54f homozygote exhibited
the same band pattern as the S-54 homozygote, and had the
116-kDa band at a density comparable to that of the S-54
homozygote (Fig. 2). These results indicate that the SRK allele
in S-54f is normally transcribed and translated.
3.4. Sequence analysis of S-locus genes of S-54f
Nucleotide sequences of SRK, SP11, and SLG of the self-
compatible S-54f homozygote and the self-incompatible S-54
homozygote were determined (Accession nos. AB219161–
428 R. Fujimoto et al. / FEBS Letters 580 (2006) 425–430AB219163). The 506-bp SP11 sequences including the ﬁrst in-
tron and the full-length coding region for mature SP11 protein
were 100% identical between S-54f and S-54. The sequence of
the full-length coding region of mature SLG protein in S-54f
was the same as that in S-54. Although the sequences of the
transmembrane domain and the kinase domain of SRK were
the same between S-54f and S-54, the sequence of the S do-
main of SRK in S-54f was diﬀerent from that in S-54. DeducedFig. 3. Comparison of deduced amino acid sequences and nucleotide sequenc
acid sequences of SRK (SRK-54 and SRK-54f) and SLG (SLG-54 and SLG-
each other. Boxes outlined by solid lines and by broken lines represent the th
Closed circles show the conserved cysteine residues. Gray areas indicate t
representation of a gene conversion event from SLG to SRK. The regions hav
(SRK) and white bars (SLG). The 100% identical region between SRK and S
shown in white and gray was 100% identical with SLG-54, suggesting that gen
this region. The boundaries of the converted region are inferred to be in theamino acid identity of the S domain was 93.5% between S-54f
and S-54. Interestingly, a 1034-bp nucleotide sequence of the
S-domain in S-54f was 100% identical to the SLG sequence
in S-54f and S-54, while that in S-54 was 95.1% identical
(Fig. 3). In this 1034-bp sequence, the region having diﬀerent
SRK sequences between S-54f and S-54 was limited to
481 bp, and a 542-bp upstream region and an 11-bp down-
stream region had 100% identical sequences between S-54fes of SRK and SLG in S-54 and S-54f. (A) Alignment of deduced amino
54f) in S-54 and S-54f. SLG-54 and SLG-54f were 100% identical with
ree hypervariable regions and the transmembrane domain, respectively.
he regions having 100% nucleotide sequence identity. (B) Schematic
ing diﬀerent sequences between SRK and SLG are shown by black bars
LG is shown in gray. In the SRK gene of S-54f, the 1034-bp sequence
e conversion from SLG to SRK (indicated by a thick arrow) occurred in
regions shown by gray bars.
R. Fujimoto et al. / FEBS Letters 580 (2006) 425–430 429and S-54. The sequences of SRK obtained from three cultivars
having S-54, ‘Kien 75’, ‘CR-Ryutoku’, and ‘Wase-Ohkabu’,
exhibited 100% identity with the SRK sequence of the self-
incompatible S-54 homozygote. A diﬀerent batch of F1 seeds
of ‘CR-Seiga 65’ had only the SRK sequence of S-54.4. Discussion
The 100% identity of the nucleotide sequences between the S
domain of SRK and SLG in S-54f, together with SLG in S-54,
suggests that gene conversion from SLG to the S domain of
SRK occurred in S-54 to generate S-54f. Based on nucleotide
sequence similarity between SLG and the S domain of SRK
in some S haplotypes, gene conversion is considered to have
occurred [14,23]. However, in these studies, the observed high
sequence similarities in the whole or partial sequences between
SLG and SRK were only explained by assuming past gene con-
version events. The present study provides the ﬁrst deﬁnite evi-
dence of gene conversion from SLG to SRK.
The gene conversion from SLG to SRK in S-54f is consid-
ered to have occurred very recently because of the 100% iden-
tity between SRK and SLG in S-54f. S-54f was not found in
other F1 hybrid cultivars having S-54 or even in another batch
of ‘CR-Seiga 65’ seeds. About one-third of the tested S-54
homozygotes (5/16) in the progenies of three ‘CR-Seiga 65’
plants had S-54f, suggesting that only one among the three
‘CR-Seiga 65’ plants possessed S-54f. In the process of devel-
opment of inbred lines in F1 hybrid breeding of Brassica
vegetables, self-compatible lines are selected against. It is likely
that this gene conversion occurred after selection of the inbred
parental lines of ‘CR-Seiga 65’, probably in a parental plant
of ‘CR-Seiga 65’ or in a ‘CR-Seiga 65’ plant. The gene con-
version events between SRK and SLGmight have occurred fre-
quently during Brassica evolution or during Brassica breeding
programs.
SRK-54f was normally transcribed and translated, but the
sequence of the S domain was diﬀerent from that of normal
SRK-54. Thus, it can be inferred that the sequence alteration
of the S domain of SRK is responsible for the loss of the rec-
ognition function of SRK. It has been suggested that HV
(hypervariable region) -I, HV-II, and HV-III are important
for S-haplotype-speciﬁc recognition of SP11. Four and ﬁve
amino acid diﬀerences were found in HV-II and HV-III,
respectively, between SRK-54 and SRK-54f (Fig. 3). Both re-
gions exhibit functionally signiﬁcant amino acid changes,
e.g., Asp to His and Ile to Thr in HV-II and Asp to Met,
Trp to Ser, and Pro to Ala in HV-III, suggesting that the
changes of amino acid residues in HV-II and HV-III cause
the loss of the function which enables recognition of SP11-54
protein. Haplotype-speciﬁc binding between SP11 and SRK
is considered to be the initial step for rejection of self-pollen
in Brassica self-incompatibility [24,25]. The present result sug-
gests that the S domain of SRK having the sequence of SLG-
54 cannot interact with SP11-54.
Recently, a model of new S haplotype generation has been
presented [11,26]. In this model, SP11 and SRK are considered
to have gradually changed in recognition speciﬁcity, keeping
self-incompatibility, by accumulating mutations to generate a
new S haplotype. Drastic sequence alteration by gene conver-
sion from SLG to SRK resulting in self-compatibility as shown
in the present study is considered to have been selected againstby natural selection. Frequent gene conversion of small regions
from SLG to SRK may have contributed to alterations of the
SRK sequence, leading to acquisition of a new recognition
speciﬁcity which can interact with a novel SP11 protein pro-
duced by accumulation of mutations.
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